tions between filters produce a retinotopic salience map. Oculomotor plans based on such a salience map Summary can be used to facilitate efficient use of limited foveal resources. If a salience map is indeed used to guide Natural exploration of complex visual scenes depends eye movements, then the model suggests that visual on saccadic eye movements toward important locaselectivity and form processing should influence the octions. Saccade targeting is thought to be mediated ulomotor planning process. by a retinotopic map that represents the locations of From a theoretical perspective, a neural instantiation salient features. In this report, we demonstrate that of the salience map model should satisfy several conextrastriate ventral area V4 contains a retinotopic sastraints. The map must be retinotopically organized, it lience map that guides exploratory eye movements must receive input from visual areas capable of repreduring a naturalistic free viewing visual search task.
Figure 1. Free Viewing Visual Search Task
Top panel shows typical stimuli used during free viewing visual search task (FVVS); bottom panel shows schematic trial structure. The textured noise pattern cued onset of a search trial. Animals responded to the start cue by grabbing a touch bar. The search target (T) appeared at the center of the screen and could be inspected for 3-5 s. The search target was extinguished for a delay period (2-4 s), and an array of possible matches was presented (2-5 s). If any array contained the search target, the bar had to be released within 500 ms of array offset. If only distracters (X) were present in the array, no bar release was permitted. The delay-array cycle could repeat up to seven times on each trial. During each experiment, the search target and distracters were circular image patches of the same size selected randomly from a single photograph.
also targets for upcoming saccades. More recently, TolTop-down modulation of visual inputs to the salience ias and colleagues (Tolias et al., 2001) used probe stimuli
network might facilitate visual search. Modulation of to map spatial RFs immediately before saccades toward specific classes of visual input based on the spatial highly salient targets. They described small changes in properties of the search target could serve to make the RF size and location immediately before saccade execuentire network more sensitive to particular features and tion. The observation that activity in V4 is correlated thereby increase the likelihood of target detection. with eye movements raises the possibility that V4 could Therefore, we also sought evidence of dynamic changes be one source of visually selective input to the sain V4 responses that were correlated with search target lience network. identity and uncorrelated with either visual stimulation In this report, we describe experiments designed to or eye movements. test the hypothesis that area V4 provides visual input to a salience network that could guide eye movements during natural vision. Two macaques were trained to Results perform a free viewing visual search (FVVS) task that requires both accurate oculomotor planning and fine
We recorded from 104 well-isolated V4 neurons in two visual discrimination (see Figure 1 and Experimental adult male macaques while they performed the FVVS Procedures). This task was specifically designed to distask (see Figures 1 and 2 ). Performance was typically sociate the spatial properties of visual stimuli from their 80%-95% correct on the search task. In this report we perceptual salience. We expected that if V4 is involved discuss only the data from trials in which the search in salience computation, then during FVVS, eye movetarget was correctly detected. To determine the relationments should be preferentially directed toward retinoship between the neuronal firing rate during each fixation topic locations with elevated V4 activity. If this were the and the direction of the subsequent saccade, we first case, then the visual responses of single V4 neurons analyzed the recorded eye position signal to identify should be correlated with the direction of subsequent fixations during FVVS (see Experimental Procedures). eye movements during FVVS.
Spikes associated with each fixation were extracted and While the original salience map model was entirely aligned to fixation onset. These data were used to comstimulus driven, there is substantial evidence that extrapile fixation-aligned response rasters. Rasters were retinal factors can influence salience computations. Presorted by the direction of the subsequent saccade and vious studies have shown that attention can dramatically binned (15Њ ϫ 15Њ ϫ 25 ms bins) to form histograms. affect visual behavior (Treisman and Gelade, 1980) . Neu- Figure 3B shows the activity of a single V4 neuron, plotrophysiological studies in V4 have revealed two classes ted as a two-dimensional function of subsequent sacof attentional modulation. First, attention to particular cade direction. This neuron shows an enhanced visual spatial locations (spatial or focal attention) can affect response during fixations immediately prior to saccades both the spatial sensitivity profiles (Connor et 
Saccades Are Directed toward Retinotopic
this reason, this analysis probably underestimates the true proportion of V4 neurons whose activity predicts Locations of High V4 Activity To identify all neurons in which visual response magnithe direction of the subsequent saccade. For fixations falling along the lower left boundary of tude predicts the direction of subsequent saccades, we first collapsed each two-dimensional activity map (e.g., each search array, subsequent saccades were almost always directed away from the RF (all neurons studied Figure 3B) of subsequent saccade direction. These data indicate correlations between target energy and saccade direction will be biased: stimuli that fall in the RF and are the that correlations between visual responses and saccade target for the subsequent saccade will tend to have direction in V4 are not attributable to the specific sehigher energy than RF stimuli that are not the target for quence of eye movements the monkey uses to perform a subsequent saccade. the FVVS task.
We investigated this possibility by plotting stimulus We defined the salience field (SF) of each neuron as energy (average luminance, RMS contrast, and spectral the spatial region of enhanced presaccadic activity content of pixels falling in the RF) as a function of subse-(i.e., the bright yellow regions in Figure 3B ). We quantiquent saccade direction. Figure 4A shows a polar plot fied the correspondence between SF and RF in each of RF luminance as a function of subsequent saccade neuron by calculating the angular difference between direction. It is clear in this case that there is no system-SF and RF centers (mean of the best fit Gaussians). To atic bias in the relationship between luminance energy account for SF and RF size differences, the angular and saccade direction. Figure 4B summarizes this reladifference was normalized by the average of the SF and tionship for the 73 neurons with sufficient data to per-RF sizes (see Experimental Procedures for complete form this analysis. Each point represents the difference details). Figure 3C shows the distribution of normalized between RF angle and the mean vector of the polar angular differences across the sample. The corresponluminance-saccade plot ( Figure 4A ). If the predictive dence between the spatial locations of the SF and RF activity we report here reflects saccades directed tois highly significant ( 2 ϭ 36.1, df ϭ 9, n ϭ 59, p Ͻ ward high luminance stimuli falling within the RF, then 0.0001), indicating that V4 visual responses are typically all points should lie on the line of unit slope (y ϭ x). enhanced prior to saccades that drive the fovea toward Instead, the points are completely scattered, demona neuron's RF.
strating that there is no systematic relationship between luminance, saccade direction, and RF position. We car-V4 Predictive Activity Does Not Depend ried out additional tests to determine whether stimulus on Stimulus Luminance or Contrast RMS contrast ( Figure 4C ) or spectral energy ( Figure 4D ; The image patches in this experiment can vary substansee Experimental Procedures) could account for our tially in brightness and contrast, and it is theoretically results. These tests show that contrast and spectral possible that this variability could have influenced our energy are also unrelated to saccade direction and results. Consider, for example, a situation in which high-RF position. energy (i.e., luminance or contrast) targets falling within As an additional control, for 14 neurons we normalized the RF tend to attract saccades, while low-energy tarall the image patches so they all had the same RMS gets do not. If high-energy targets also tend to elicit contrast and mean luminance as the background. In stronger responses in V4 than do low-energy targets, these experiments it was impossible to perform the task then for those neurons whose responses predict the using simple contrast or luminance cues. In 6/14 (43%) of these neurons, visual responses significantly predirection of subsequent saccades, the distribution of ing that all saccade directions were sampled densely.
V4 Activity Predicts Saccade Direction, experiment, even though the search targets were prenot Gaze Angle sented on a regular grid. Previous studies reported that the activity of a subpopulation of V4 neurons can be modulated by changes in gaze direction (Rosenbluth and Allman, 2002) . However,
V4 Predictive Activity Is Visual, not Motor
The data presented thus far suggest that the responses the effects reported here are not related to gaze direction, but rather to saccade direction. Gaze direction deof each V4 neuron reflect, in part, the salience of the features in the spatial RF. During FVVS, the spatial distriscribes the angular displacement of the fovea relative to a fixed reference position (typically straight ahead).
bution of activity across the surface of V4 feeds forward to higher stages of processing, where it is used to guide In contrast, saccade angle refers to the change in gaze angle as the animal redirects its eyes from one location oculomotor planning. However, previous studies have suggested that saccade-related activity in V4 could reto another. In this study, all saccade vectors were measured relative to the position of the eye at the start of flect oculomotor command signals, as opposed to visual inputs used to make oculomotor decisions (Fischer and each saccade and are therefore independent of gaze angle. The relationship between gaze angle and saccade Boch, 1981a, 1981b; Tolias et al., 2001). Therefore, we examined saccade-related activity more closely to devectors is illustrated in Figure 5 . The circular shape of the saccade vector distribution ( Figure 5C ) indicates termine whether correlations between V4 activity and subsequent saccade direction reflect an oculomotor that saccade directions were sampled uniformly in our serves to facilitate visual search, then changes in visually driven activity in V4 should be correlated with search To distinguish between visual activity and oculomotor commands, we calculated two response histograms for target identity. During FVVS, the cued sample at the start of each trial (see Figure 1) provides complete information each neuron, one aligned to fixation onset and one to saccade onset. The ratio of peak magnitudes from the about the spectral properties of the target, i.e., orientations, spatial frequencies, contrast, etc., but no informafixation-and saccade-aligned response histograms indicates whether neuronal activity is influenced predomition about the spatial location of the match. Feature attention could serve to modulate V4 selectivity based nantly by visual or oculomotor factors (see Figure 6) . For each neuron, we computed a visuomotor index, VMI ϭ on the spectral properties of the sample. (Based on the uniform distribution of saccade directions shown (f max Ϫ s max )/(f max ϩ s max ), where f max and s max are the maximum firing rates in the fixation-and saccade-aligned in Figure 5C , we assumed that spatial attention, being tightly coupled to eye movement generation [Bisley and response histograms, respectively. Positive VMIs indicate that neuronal modulation is coupled to the visual Goldberg, 2003], was uniformly distributed.) In our experiments, we typically selected four different response; negative VMIs suggest that activity reflects a premotor response. 89% (73/82) of V4 neurons in our search targets (and 90-100 distracters) at the start of each run. For each neuron in our sample, we compiled sample have positive VMIs (see Figure 6C) , and of these, 36 VMIs are significantly greater than zero (p Ͻ 0.05).
fixation-aligned response histograms conditioned on the search target (see Figure 7) . To assess the statistical Only one cell has a significantly negative VMI. This analysis demonstrates that V4 activity during FVVS is predomsignificance of modulations caused by feature attention, each target-contingent, fixation-aligned response histoinantly visual: visual responses in V4 influence oculomotor planning, and not vice versa.
gram was compared to a grand mean fixation-aligned histogram obtained by pooling across all target condisponses are most likely to be followed by saccades that move the fovea toward the location currently occupied tions. Each target-contingent histogram was compared to the grand mean histogram using a permuted t test.
by an active neuron's spatial RF. Second, presaccadic enhancement in V4 reflects the salience of features in If any target-contingent histogram showed significant differences from the mean (p Ͻ 0.05, corrected for multithe RF and is not merely an oculomotor command signal originating elsewhere. The strong correlation between ple comparisons), the neuron was considered to be modulated by feature attention. Over 25% (28/104) of V4 oculomotor behavior and visual activity in V4 suggests that V4 contributes to the oculomotor planning process; neurons show significant differences in fixation-aligned responses across search targets. We typically obtained however, it does not appear to actually encode the motor plan itself. This is consistent with the critical role of several thousand fixations in each target condition. Each fixation brought a unique visual stimulus into the RF, area V4 in the visual form processing stream (Gallant et al., 2000 (2001) they do contain the visually selective neurons required trained animals to perform a search for small objects to support target selection during natural vision. V4 neuembedded in natural scenes, using natural eye moverons provide visual input to the salience network that ments. Animals were required to execute a saccade to can be used to facilitate identification and localization the detected target when the match was detected. Unof behaviorally relevant scene features. This information der these conditions, a subset of neurons in anterior IT can be used to efficiently place potential matches at the is active only when the target appears in the RF and the fovea, where they can be scrutinized with high spatial subsequent saccade is directed toward the target. When resolution. the target falls in the RF but is not detected, these neurons are unresponsive. Taken together, our findings and To construct response histograms, the continuous data record obreward. Failures to detect the target were indicated by an error cue followed by a brief timeout period. The monkeys were not required tained during each FVVS trial was segmented into fixations. First, saccades were identified from the calibrated eye position signal by to indicate the position of the match. Both the spatial location of the target and the time at which it appeared in the trial (frame thresholding the eye velocity signal (Ͼ12Њ/s). Continuous periods of stable fixation (Ͼ25 ms) were isolated along with corresponding number) were selected randomly at the beginning of each trial. All frame durations and trial lengths were fully randomized to eliminate spike rasters (beginning 500 ms before fixation onset and ending at the onset of the following saccade). Rasters were aligned to either anticipatory effects.
Both search targets and distracters were circular image patches fixation onset or the start of the following saccade, depending upon the analysis. Rasters were collected into response histograms using extracted from black and white photographs. For most neurons studied, patches were cropped using a circular mask the size of either 25 ms or 1 ms bins, depending on the analysis. Histograms the spatial RF. In a few eccentric neurons with large RFs, patches binned at 1 ms resolution were convolved with a Gaussian ( ϭ were limited to a maximum radius of 5Њ. The outer 10% (by radius) 3 ms). Only data from correct trials were analyzed in this report of each patch was ␣-blended smoothly into the background pattern.
(80%-95% of all trials). The first and last frames of each trial (when During each recording session, image patches were selected ranthe search target was present on screen) were also excluded domly from a single high-quality digital black and white photograph. from analysis. The grid spacing and geometry of each search array were individuTo distinguish between visual and motor activity, we calculated a ally adjusted for each neuron studied such that fixation of one patch visuomotor selectivity index (VMI) from the 1 ms resolution response usually placed a different patch at the center of each neuron's RF.
histograms. This index, VMI ϭ (f max Ϫ s max )/(f max ϩ s max ), where f max For parafoveal neurons (Ͻ2Њ eccentricity), patch size was adjusted and s max are the maximum rates in the fixation-and saccade-aligned to encompass both the RF and fovea, and array spacing was adresponse histograms, respectively, varies between Ϫ1, for a pure justed to prevent any patch overlap. RFs ranged from 0.5Њ to 16Њ in motor response, and ϩ1, for a pure visual response. radius (mean 4.6Њ).
Fixation-aligned response histograms were used to estimate the ability of each neuron to predict subsequent saccade vectors. For each neuron, fixation-aligned rasters were sorted by direction of the distribution of d should be uniform. The measured distribution formed for every neuron studied, typically at the end of each FVVS was tested for uniformity using a standard 2 test (df ϭ 9, p Ͻ 0.001). run. This calibration procedure was sufficient to recover gaze direcFixation-aligned response histograms were also used to identify tion during FVVS with a resolution of ‫52.0ف‬Њ for both the scleral coil neurons with significant search target-dependent activity. For each and the infrared tracking system. Blinks and periods when gaze neuron, fixation-aligned rasters were sorted by search target and was directed outside the calibration range (i.e., off-screen) were averaged to compute a response histogram (25 ms) for each search excluded from analysis. target tested (typically four). Histograms were compared to a grand mean response histogram (computed from all fixations, independent of search target) as follows. For each time bin, each conditional Data Collection histogram was compared to the grand mean histogram using a Behavioral control, stimulus presentation, and data collection were permuted t test. Neurons with significant deviations from the grand performed on a Linux microcomputer using custom software. Eye mean histogram, in any condition (p Ͻ 0.05, corrected for multiple movements were recorded either with a scleral search coil (1000 comparisons), were considered to be modulated by the search Hz) (Judge et al., 1980) The pattern falling within the RF on each fixation was first extracted wick, ME). A microdrive system (MM-3BF, National Aperture, and several statistical indices were computed: average luminance Nashua, NH) was used to advance electrodes through the intact (normalized from 0%-100%), RMS contrast, and spectral content. dura perpendicular to the cortical surface. Signals were amplified Spectral content was characterized in terms of the power spectrum, (Model 1800, AM-Systems, Seattle, WA) and band pass filtered expressed as a 256 element vector. Spectral differences between (0.1-10 kHz; custom filter), and spikes were isolated using a convendifferent stimuli falling within the RF were quantified by computing tional window discriminator. In later experiments, neural signals the angular difference between each measured power spectrum were recorded with a dedicated multichannel recording system (amvector and a standard reference vector (all ones). Next, each index plification, filtering, and spike detection in a single unit; MAP, Plexon was plotted as a function of subsequent saccade direction (see Inc, Dallas, TX). Spike times were recorded with 1 ms resolution Figure 4A ), and the direction of maximum correlation was expressed by the same computer system controlling the behavioral task and recording eye movements.
as mean vector angle (see Figures 4B-4D ).
